This article provides recommended methods for building, operating, and taking plasma potential measurements from electron-emitting probes in electric propulsion devices, including Hall thrusters, gridded ion engines, and others. The two major techniques, the floating point technique and the inflection point technique, are described in detail as well as calibration and error-reduction methods. The major heating methods are described as well as the various considerations for emissive probe construction. Special considerations for electric propulsion plasmas are addressed, including high-energy densities, ion flows, magnetic fields, and potential fluctuations. Recommendations for probe design and operation are provided. 
A LONG with temperature and density, plasma potential is one of the most important parameters of a plasma. Langmuir [1] recognized the importance of the potential structure for the role it played in confining electrons in his first experiments. Today, the plasma potential is often measured because it is a principal factor in understanding a wide range of phenomena from confinement to charged particle flows [2] [3] [4] [5] [6] . For aerospace applications, measurements of the plasma potential enable the deduction of the electric field that accelerates ions and heats electrons in plasma thrusters and their plumes [7] . Although the potential can be measured with Langmuir probes in some plasmas, these techniques fail in many circumstances, such as in the presence of flowing plasma typical for aerospace applications, and are subject to large uncertainties, such as in the presence of magnetic fields [5, [8] [9] [10] . Energy analyzers or laser-induced fluorescence can be used to determine ion velocities [11] , which can be used to deduce the plasma potential. However, the use of these techniques is not so straightforward for complex, multidimensional flow, such as expanding plasmas. Among all existing direct and indirect measurement techniques of the plasma potential, emissive probes can be not only the most simple in practical implementation and interpretation, but also produce measurements with the least uncertainty [12] [13] [14] .
The first concept of an electron-emitting probe was proposed by Langmuir [1] in 1923, at the same time as when he proposed the collecting probe, now called the Langmuir probe. Langmuir probes can be used to find the plasma potential by identifying the knee in the current-voltage (I-V) characteristic curve [8] or by the inflection point [15] . Emissive probes, however, can determine the plasma potential more precisely, down to T e ∕10e for a high-signal-to-noise ratio. Here T e is the electron temperature in electron volts of a Maxwellian plasma. If the plasma is not Maxwellian, T e should be interpreted as an effective electron temperature. A typical physical construction of the emissive probe is shown in Fig. 1 [14] . The 0.0025-cm diameter tungsten wire is exposed to the plasma and a current is passed through it to heat the wire so that it emits electrons.
To briefly explain the concept of an electrically floating emissive probe, recall that, for typical plasma conditions, a very thin layer, the so-called sheath, is always formed near a plasma-facing surface. In a low-temperature plasma, the surface is always charged negatively by electrons with respect to the plasma due to the much higher mobility of electrons as compared with heavier ions. Therefore, the electric field in the sheath region accelerates electrons away from the emitting surface and is responsible for a very large reduction of electron heat and particle fluxes from the plasma to the surface. Figure 2 shows sheath potentials and particle fluxes. A typical voltage potential difference between plasma and the surface ranges from a few to several T e ∕e, depending mainly on the ion mass and the electron energy distribution function (EEDF). For example, for xenon gas and a Maxwellian EEDF, the potential difference is 5.75T e ∕e. When electrons are emitted from the surface, they can reduce negative charge on the surface. As a result, the voltage drop in the sheath between the plasma and the surface decreases with increased electron emission (Fig. 2 ). This idea of having an emitting surface float at the plasma potential is the basic principle of operation of the floating emissive probe technique. In most practical applications, the temperature of plasma electrons is much higher than the temperature of emitted electrons, which is on the order of the emitting surface temperature. Therefore, the floating potential of the emitting surface always remains below the plasma potential due to so-called spacecharge effects associated with this temperature difference. For example, for a Maxwellian EEDF, the potential difference between the plasma and the surface is between 1 and 2 plasma electron temperatures, depending on collisionality and geometry.
The emissive probe can be electrically floating or biased with respect to some reference potential. The floating emissive probe is generally a less accurate method of the determination of the plasma potential than the biased probe, but its electrical circuitry and data analysis are much simpler. These advantages make the floating emissive probe attractive for the use on spacecraft [16, 17] . Floating probes can also be useful in harsh plasma environments, for example, plasma thrusters where the probe should be introduced or operated for less than a second at a time. When an emitting probe is biased more negatively than the plasma potential, electrons can be emitted from the probe into the plasma because the electric field accelerates the electrons from the surface into the plasma. When the emitting probe is biased more positively than the plasma potential, electrons cannot be emitted, except for a small number with high energies in the tail of the emitted electron distribution.
Experimentally obtained emissive probe I-V traces are shown in Fig. 3 [12] . In these traces, the plasma potential is approximately −21 V. When the probe is biased below this potential, there is significant emitted current (which is read on the graph as negative probe current). Above the plasma potential, electrons are predominantly collected rather than emitted. The increasing wire temperature corresponds to increasing electron emission, resulting in the increasing magnitude of the current for the more negative probe Fig. 1 One version of the hairpin design of an emissive probe. Tungsten wire is the emissive probe filament and the rest of the structure connects the emissive probe electrically to the control circuit and mechanically secures the probe. (Reproduced from Kemp and Sellen [14] , with permission from AIP Publishing.) biases. This feature is an unambiguous indicator of the plasma potential. Although the inflection point of a Langmuir probe I-V trace indicates the plasma potential, emissive probe techniques can reduce uncertainty [10] and provide accurate measurements even with the added complications of particle beams or sheaths (see Secs. VI.C and VI.E).
This article seeks to provide a rigorous review of the practical implementation of emissive probes in electric propulsion devices. It draws from material presented in the general review of emissive probes [12] , refining and expanding to best suit the needs of the electric propulsion community. In Sec. II, emissive probe and emissive sheath theory are presented, though it is meant to serve only as an introduction to this topic. The state-of-the-art methods for using emissive probes to measure the plasma potential are described in Sec. III, along with calibration and error-reduction techniques. The methods are also compared in this section. There are a variety of ways to heat a probe to emission and these are described in Sec. IV. Section V contains details on the specifics of building an emissive probe, including filament size and shape. There are a number of special cases in which emissive probes can be used that warrant special consideration (Sec. VI). Section VII contains discussion on how to choose the design and technique given a specific electric propulsion device followed by the conclusions in Sec. VIII.
II. Emissive Probe Theory
This section describes the physical processes driving emissive probe operation and, in the case of swept emissive probes, the shape of their I-V traces. Emissive sheaths are analyzed using simple planar emitter models, the effects of space charge on those models, and finally the differences encountered with more realistic cylindrical emitter models.
A. Simplified Models 1. Floating Emissive Probe
Zero net current flows through the sheath of isolated bodies such as dielectric or electrically floating metal surfaces. Assuming a Maxwellian distribution for the electrons, the electron flux from the plasma is Γ e 1∕4n s v e exp−eϕ sheath ∕T e , where n s is the electron density at the sheath edge, ϕ sheath is the sheath potential (the potential difference between the sheath edge and the surface), v e 8T e ∕πm e p is the thermal velocity of the electrons, T e is the electron temperature in electron volts, and m e is the electron mass. The ion flux Γ i n s v B is due to the nonzero ion velocity at the sheath edge as necessitated by Bohm's criterion: v B ≥ T e ∕m i p , where m i is the ion mass [18] . Bohm's criterion is assumed to be fulfilled marginally (i.e., in equality), which is typical in nonflowing plasmas. Equating these fluxes allows the potential of the sheath surrounding a planar floating surface to be calculated:
Because electrons are much more mobile than ions (m e ≪ m i ), the surface is always negative compared with the plasma potential in lowtemperature plasmas. In this paper, space potentials in the plasma are denoted as ϕ, whereas electric potentials of solids are notated as V, both with units of volts.
The floating potential of emitting surface facing the plasma is determined by the balance of electron and ion fluxes from the plasma and the flux of emitted electrons from the wall:
Hobbs and Wesson [2] used a fluid description of the sheath surrounding a planar electron-emitting surface to calculate the floating potential of that surface as a function of the ratio of emitted electron flux to collected electron fluxΓ:
assuming that T e ≫ T i . This equation indicates that, as the level of electron emission is increased, the sheath voltage drop will decrease (as indicated in Fig. 2 ). However, for a quasi-neutral plasma,Γ does not reach one due to space-charge effects described in Sec. II.B.
Biased Emissive Probe
There are two basic components to the emissive I-V curve: the collected electron current and the emitted electron current. Ion current is neglected in this description because it is much less than the temperature-limited emission current. For example, in a xenon plasma, the electron saturation current is nearly 500 times larger than the ion saturation current. The temperature-limited emission current for biased emissive probes is typically 10% of the electron saturation current, making it over an order of magnitude larger than the ion saturation current. Even in the presence of a thruster ion beam with an energy 2000T e , the emitted current will dominate the ion current. When the ion current is on the order of the electron current, then its effects must be taken into account, but that is not a common case for electric propulsion plasmas.
It is useful to examine the equations describing the electron currents in the simple case of a cylindrical probe with space-charge effects neglected. These simple equations can yield a qualitative understanding of how emissive probes work. Space-charge effects are caused by nonneutral charge buildup around the probe and significantly complicate calculations (see Sec. II.B).
The collected electron current I e is the same as that of a cold Langmuir probe [8, 19, 20] :
where V b is the probe bias, ϕ p is the plasma potential, I
e is the electron saturation current, and the function g e V b − ϕ p accounts for angular momentum of the collected electrons. The emitted current can be written as
The function g em V b − ϕ p accounts for the angular momentum and probe radius effects on the emitted electrons and T em is the emitted electron temperature in electron volts [8] . (Reproduced from Sheehan and Hershkowitz [12] , with permission from IOP Publishing.)
where A G is the material-specific Richardson-Dushman constant, defined as the product of a material-specific factor λ R ∈ 0; 1 and A 0 120 A∕cm 2 · K 2 , the universal Richardson-Dushman constant; ϕ W is the work function of the wire; S is the surface area of the wire; k B is Boltzmann's constant; and h is Planck's constant [22] . Depending on the source, either A G or λ R may be found in the literature. For pure tungsten, A G;W 60.2 A∕cm 2 ⋅ K 2 and for thoriated tungsten A G;W∕ThO 3 A∕cm 2 ⋅ K 2 [23] .
Equations (4) and (5) are graphed in Fig. 4 with V p 0 and T e 1 eV [8] . Note that electron current is even emitted slightly above the plasma potential, between 0 and 1 V, due to electrons in the high-energy tail of the emitted EEDF able to overcome a probe bias equal to a few T w ∕e ≈ 0.2 V. At biases less than the plasma potential, the emission current is constant. In this regime, the wire's temperature limits the emission of electrons, so it is known as the temperaturelimited regime. Figure 3 shows all of the same features as the theoretical graphs in Fig. 4 .
B. Space-Charge Effects
Although the aforementioned model is useful for gaining a basic understanding of how emissive probes work, it ignores an important aspect of emissive probes: space-charge effects. The additional flux of emitted electrons from the probe can significantly change the charge density in the sheath [2, 24] . This effect was first noted in the context of a floating emissive surface and is critical to consider when using the floating point method for emissive probes (see Sec. III.A) [2] . The space-charge effects result from the fact that fluxes and temperatures of the plasma electrons collected by the emitting probe and the emitted electrons from the probe to the plasma are not equal.
Equation (3) is valid until the emission reaches a critical levelΓ c at which the electric field at the surface is zero [2] . This critical value iŝ Γ c ≲ 1 and depends on the ion-to-electron mass ratio. The sheath potential drop in space-charge-limited emission depends only on the electron temperature [2, 25] :
If the surface is further heated in an attempt to increase the emission level, a virtual cathode will form around the surface, preventing additional electrons from escaping into the plasma (see the schematic depiction in Fig. 2) [24, 26, 27] . Once the virtual cathode has formed, some of the emitted electrons will escape into the plasma and some will be confined to the wall. This result is not predicted by the simple theory described in Sec. II.A, but is an important effect that cannot be neglected. The sheath potential drop will shrink slightly because the ϕ vc (the potential at the virtual cathode minimum) stays constant while V w − ϕ vc increases, but that is typically insignificant unless T e ∼ T em .
Space-charge effects alter the floating potential and the shape of the I-V trace near the plasma potential and below. The first analytical description of an emissive probe I-V trace considering space-charge effects was given by Ye and Takamura [28] . The equations necessary to fully describe the I-V trace are not reproduced here; the full derivation can be found in Ref. [26] . The model assumes cold ions, Maxwellian plasma electrons, emitted electrons at zero energy, a cylindrical collector, a planar emitter, and no secondary electrons [10] . A weakness of this model is the planar emitter, which should be cylindrical for emissive probes. Results obtained from these model equations are graphed in Fig. 5 [28] . The I-V trace is divided into three regions. In the region with probe biases V b above ϕ p , the current is strictly due to collected electrons. The region with probe biases below V S is the temperature-limited emission region (T region). These two are separated by the space-charge-limited region (S region) where the electron emission is dictated by the spacecharge surrounding the probe rather than the temperature of the probe. It is bounded by V S , the potential value that separates the Tand S regions, and approximately V p . This model accurately predicts that the floating potential will never get closer to the plasma potential than ∼ − T e ∕e. Preliminary experiments show good qualitative agreement to Ye and Takamura's model in [10, 29] .
C. Cylindrical Model
All of the preceding theories are for planar emitters. Although planar emissive sheaths do exist, typically caused by secondary electron emission from the surface of vacuum vessels, emissive probes are almost always cylindrical (though occasionally spherical [30] ). It is therefore important to understand how the geometry of the probe affects the sheath that forms around it. Emissive sheath theories in cylindrical geometries have only started to be developed in the last few years.
Fruchtman et al. [31] solved Poisson's equation in cylindrical coordinates assuming a Maxwellian EEDF, cold ions, and electrons emitted with zero energy. For large probe radii (much greater than the Debye length), they were able to find a two-scale solution. They solved Poisson's equation in the nonneutral sheath and the plasma equation (Poisson's equation with zero electric field) in the quasineutral presheath. This solution matched the planar solution given by Hobbs and Wesson [2] . For arbitrary probe radii a, they solved Poisson's equation numerically, matching the solution far from the probe to the plasma equation (see Fig. 6 ). When the probe radius is small (δ λ d ∕a is large), the sheath potential is smaller, meaning that the probe floats closer to the plasma potential. As ions converge on the cylindrical probe, their density increases because the flux is constant through the sheath. With a cylindrical surface, the ion density is greater at the surface, which further reduces the sheath potential.
Initial investigations have begun into orbital motion effects on emissive sheaths. Orbital motion-limited (OML) probe theory uses single particle trajectories to determine particle currents as a function of bias potential on the probe [32] . For cylindrical and spherical probes, the electric field of the sheath surrounding the surface can attract charged particles that would have otherwise missed the probe, increasing the flux of these particles. For example, for a floating probe with an electron-repelling sheath, this OML situation could lead to the increase in the flux of ions collected by the probe. In addition, because high-energy electrons entering the OML sheath could miss the probe, the flux of electrons collected by the probe surface should also decrease. Because of these OML effects on ions and electrons, the floating potential of the probe in the OML regime should be higher than the floating potential of the probe when only radial motion is considered.
In addition to OML effects on collected charged particles, OML motion can alter the dynamics of electrons emitted from the probe. Robertson [33] considered the orbital effects of electrons emitted from a wire in a vacuum. Electrons are emitted from the surface with a two-dimensional Maxwellian distribution, so there is a velocity component in the azimuthal direction. By considering this aspect of electron emission, Robertson showed that the space-charge buildup in the sheath is larger than that predicted by the one-dimensional cylindrical model. Increased space-charge increases the curvature of the sheath and results in a larger sheath potential. To understand exactly how orbital motion affects an emissive probe, this theory must be extended to emissive sheaths in a plasma, but these initial results suggest that orbital motion may offset some of the sheath reduction caused by ion convergence.
III. Methods for Determining the Plasma Potential
The principle use of an emissive probe is to determine the plasma potential using the fact that the probes will emit below the plasma potential, but not above it. There are a number of techniques that can be used to exploit this characteristic behavior [10, 12] .
A. Floating Point with Large Emission
Over the years, the floating emissive probe technique has been used for a number of space applications, including satellite space potential [16] , plasma potential measurements in plasma thrusters [7, 34, 35] , etc. Furthermore, by measuring floating potential of a hot emissive and a cold nonemitting probe, it is possible to deduce the electron temperature [3, 36, 37 ].
Operation: Measuring the Floating Potential
The first major application of emissive probes was by Kemp and Sellen [14] in 1966. The floating potential of a probe is the intersection of the I-V curve with the load line, the current-voltage curve of the electronics used to measure the current. The load line is the I-V curve in absence of the plasma that, in practice, has a linear relationship indicative of a resistor, occasionally with a constant offset caused by the electronics. For an ideal measurement, the load line is horizontal (no current is drawn regardless of the voltage) and the floating potential is where the current is zero. As the emission of the probe is increased from no emission, the floating potential of the probe rises rapidly at first, but plateaus near the plasma potential (see Fig. 7 ) [14] . After this point, increasing the emission only slightly changes the floating potential due to space-charge effects [24] .
Generally, when using this technique, the emission is increased until the floating potential saturates. The technique is known as the floating potential in the limit of large emission, and many assume the value of the floating potential at saturation to be the plasma potential [14, [37] [38] [39] . Kemp and Sellen [14] argued that the floating point method is viable for electron densities between 10 5 and 10 12 cm −3 . Below the lower limit, the electron saturation current is so small that space-charge effects dominate. Space-charge effects can change the plasma potential when the current emitted from the probe locally depresses the plasma potential, reducing the electron emission into the plasma. Above the upper limit, the filament temperature needed to reach high enough emission would melt the filament. Kemp and Sellen [14] claimed that, within this stated range, the plasma potential can be measured to within an accuracy of 0.01 V, but from emissive probe theory, the uncertainty cannot be better than T w ∕e, typically 0.2 V [8] .
Three factors complicate measuring the emissive probe floating potential: measuring from a remote location outside the vacuum chamber or satellite, measuring it while the probe is floating at tens or perhaps hundreds of volts above ground, and in time-resolved investigations, measuring the potential at sufficiently high frequency to capture phenomena of interest [39, 40] .
The floating potential of interest in an emissive probe is at the filament tip, whereas measurements are usually made outside the vacuum chamber. In the case of a dc heating current, filament resistance introduces a several-volt drop across the probe while the current is on. A four-wire sense configuration can remove errors due to line resistance, but because the majority of the drop is over the filament itself, the benefit is limited. If great accuracy is not required, the simplest option is to measure on one side or the other of the filament at the feedthrough and accept the error. Rectified ac heating with measurement during periods of zero current is also possible [41, 42] , but it complicates the circuit (see Sec. IV.B). Measuring the potential on each side of the filament at the feedthrough and averaging in postprocessing improves the accuracy. A preferred method requiring only one data acquisition channel is shown in Fig. 8 [43] . The measurement point is a tap between two matched series resistors placed in parallel with the filament resistance. These resistors should be large relative to the filament and line resistance such that minimal current flows through them during probe operation. A sacrificial fast-blow fuse protects the resistors in case of a current surge when a filament fails and the power supply attempts to force the commanded current across the resistors. Ideally, if the lead lines and resistors are perfectly matched and the fuse resistance is negligible, the filament tip voltage is identical to the resistor tap voltage. Practically, the tap potential should be calibrated to the filament potential by measuring both values simultaneously at atmosphere while sourcing small test currents of a few hundred milliamperes through the circuit.
The simplest method for determining the floating potential is to connect the emitting probe to ground through a resistor or a highimpedance isolation amplifier, such as an AD-210. Larger resistors have a more horizontal load line and more accurately measure the potential at which no current is drawn, so high resistances (in the M Ω range) are used when bandwidth is not an issue. Alternatively, the floating point can be measured by taking an I-V trace and finding the potential at which there is zero current. This method is much less convenient but is not affected by resistances. When the plasma density is very low, taking the I-V trace may be necessary to get an accurate reading of the plasma potential.
High floating potentials often prevent direct measurement by a data acquisition (DAQ) system or oscilloscope and require voltage division, isolation amplifiers, or both. Even for low plasma potentials, arcing or other unexpected events still pose a threat to a DAQ or scope. Several investigators have used large voltage dividers with MΩ-level resistors for DAQ protection but circuit protection by large resistance sacrifices measurement bandwidth. The resistive divider together with the stray capacitance in the lines and the power supply combine to form a low-pass resistor-capacitor (RC) filter with cutoff frequency f c 1 2πRC (9) where R and C are the line resistance and capacitance, respectively. Even a very low capacitance on the order of 10 pF (typical stray capacitance in coaxial cable is ∼100 pF∕m) coupled with a 10 MΩ resistance will create a cutoff frequency at about 1 kHz. In practice, the probe frequency response is not quite as poor as the simple RC model would suggest, but numerous electric propulsion applications involve a signal on the order of tens of kilohertz or higher (e.g., the Hall thruster breathing mode). Moreover, power supplies may have millifarads of internal capacitance. Instead, a combination of a low resistance R, a low-capacitance power supply, and a compensated oscilloscope probe enable wide bandwidth measurements with voltage division to acceptable levels for DAQ systems or oscilloscopes. Sizing the resistance R to be about 50 times the hot filament resistance (which is a few ohms) ensures that only about 1% of the heating current passes through the resistors while avoiding low-pass filter effects. Some power supplies can bypass internal capacitors to reduce overall circuit capacitance significantly. Finally, compensated oscilloscope probes, also known as passive or attenuation probes, combine a resistive and capacitive voltage divider with a tunable capacitance such that, by matching the tunable capacitance on the probe to that of the DAQ or oscilloscope, they can provide constant voltage division regardless of frequency up to the probe bandwidth. Bandwidths up to gigahertz are available, though most fall in the megahertz range. Minimizing R and the circuit capacitance makes sure the signal is not low-pass filtered before it even reaches the compensated probe, whereas properly tuning the probe preserves the signal bandwidth while dividing it to pass into the DAQ or scope. Tuning is accomplished by adjusting the probe capacitance until it can accurately reproduce the sharp corners and flat top of a moderate frequency (∼ kilohertz) square wave. With a properly chosen low-capacitance power supply and good probe tuning, this technique can achieve 1 MHz frequency resolution.
The most common devices for data acquisition are an oscilloscope or a DAQ device or card. Oscilloscopes provide higher bandwidth than DAQ systems, often gigahertz level instead of kilo-to megahertz, at the cost of fewer digital bits of resolution, usually 8 or at most 12 bits for an oscilloscope, compared with 16 bit for most DAQ systems. Oscilloscopes also typically accept larger input voltage ranges than DAQ systems. However, DAQ devices are often simpler to integrate into automated experiments, for example, using LabView software, and can continuously acquire data at peak frequency, whereas scopes have limited memory buffers. Even when planning to use a DAQ system for measurements, an oscilloscope is a simpler and safer device with which to start for checking voltage ranges, noise levels, and other initial troubleshooting.
An advantage of digital oscilloscopes for measurements is their increasingly common "high-resolution" capability to sacrifice bandwidth for digital resolution and noise reduction. For example, consider an oscilloscope with 4 GHz bandwidth, 8 bit resolution, and a memory buffer of 10 6 points per channel. In normal operation, the scope fills the buffer completely, so that a 1 s acquisition would be at 1 MHz, 500 ms at 2 MHz, and so on. In this mode, the scope samples at 4 GHz, but for the 1 s acquisition, only one point each microsecond is recorded and the rest are thrown out. In high-resolution acquisition mode, each recorded point is generated by averaging all points acquired in the corresponding window. This reduces the measurement error by a factor of N 1∕2 , where N is the number of averaged samples. At the example 4 GHz bandwidth for a 1 s, 1 MHz acquisition, an average of 4000 measurements produce each recorded value. In terms of digital bits, this increases the resolution by log 4 4 GHz∕4 MHz 5 bits to 13 bit resolution, or about 10 mV on a 100 V full scale. Of course, this increase in digital resolution comes at the cost of effectively low-pass filtering the signal.
Calibration: Choosing a Heating Current
Choosing the correct heating current for a floating emissive probe is a trial and error process. The heating current must bring the filament to sufficiently strong emission to form a virtual cathode and saturate the floating potential. Too much heating, however, and the probe will burn out or suffer a significantly reduced lifetime. In practice, this current will vary slightly due to construction variation, even among similarly built probes, and can vary widely across probes of different designs. This section first describes the basic technique for finding the correct heating current in a given application, then gives a more general description of probe heating physics to approximate heating currents for a given probe size, sufficient to allow power supply sizing and circuit design.
To determine the optimum heating current for the floating emissive probe, the floating potential should be measured as the probe heating is increased. Initially, the floating potential will be almost independent of the probe heating current because negligible emission current is released at low temperature. Eventually, as the probe is heated, the floating potential will increase rapidly. Above a certain current, the rate of increase in floating potential of the now-hot probe with heater current will drop to a much lower value, as shown in Fig. 7 . The amount of heating that causes the floating potential of the emissive probe to be just barely saturated is ideal for use in the floating point technique. The critical emission current, however, depends on the plasma in which the probe is situated; larger plasma densities require larger emission currents to saturate the floating potential. Be sure, then, that the amount of probe heating is sufficient to saturate the floating potential at all conditions where the plasma potential will be measured. This consideration can be particularly important, for example, when interrogating the discharge channel of Hall thrusters where the dense internal plasma requires much higher emission currents than the more tenuous far-field plasma. Even slightly underestimating the amount of heating needed to saturate the floating potential can lead to significant errors in measuring the plasma potential [14] .
The temperature of a filament for a given heating current depends on a power balance between ohmic I 2 R heating and cooling by several mechanisms: conductive cooling to the filament ends, Stefan-Boltzmann radiative cooling, and cooling due to energy carried away by the thermionically emitted electrons. In the limit of a long wire (l ≫ a), where conductive losses can be neglected, and treating the filament as a gray body with emissivity ϵ, this power balance for a length of filament is
with ohmic heating on the left-hand side and radiative and thermionic cooling on the right-hand side, where S is the radiative surface area 2πal of a segment of wire and σ is the Stefan-Boltzmann constant. Because the work function is typically an order of magnitude larger than the emitted electron temperature, the additional energy loss coming from the tail of the emitted electron energy distribution is negligible. Expanding the terms in Eq. (10) and solving for the current I yields
This complicated equation is made more so because the electrical resistivity ρ is itself a strong function of temperature and the emissivity ϵ varies with both wavelength and filament surface condition. Nevertheless, it is clear that, for a given temperature in the long-wire limit, the heating current goes I ∝ a 3∕2 . Figure 9 presents filament temperatures versus heating current for three filament diameters (d 2a) using a gray body emissivity ϵ 0.4, ϕ W 2.6 eV and A G 3 A∕cm 2 · K 2 for thoriated tungsten, and including ρ ρT effects.
For example, Haas and Gallimore [37] reported heating currents in the range of 4.5-6.0 A using a 0.125-mm diameter filament for internal Hall thruster discharge channel measurements. The Hall thruster channel has a typical peak plasma density of order 10 13 cm −3 and electron temperature of 30 eV, for a thin-sheath cylindrical electron saturation current density of about 1.5 × 10 5 mA∕cm 2 . This value corresponds to the thermionic emission current density for thoriated tungsten at about 2500 K using the Richardson-Dushman equation. This range of heating currents and temperature lies in the upper right corner of Fig. 9 for Haas and Gallimore's filament [37] , which has an intermediate diameter between the 0.10-and 0.15-mm diameter filaments shown.
Equation (11) and Fig. 9 are intended to be illustrative, not prescriptive. It must be emphasized that the proper heating current for a given application requires the careful search for saturation of the floating potential with increasing heating current as noted earlier. The main differences between the preceding simple model and a real filament are losses due to conductive cooling through the probe lead wires and body and any additional heating encountered by the probe in a dense plasma. To illustrate the importance of conduction, a filament with ends clamped at room temperature would require l∕a larger than about 200 for the filament tip temperature to match the long-wire limit. Real probes will have hot lead wires well above room temperature, relaxing l∕a, but it is still likely that Fig. 9 will underestimate the required heating current for a given temperature in most real probes.
Data Reduction and Error Analysis
The floating potential of a highly emitting probe is less than the plasma potential by between 1.5T e ∕e and 2T e ∕e, depending on the details of the EEDF and presheath. Errors in measuring the plasma potential using this method come from the measurement of the floating potential, the numerical factor α applied to T e such that V f ϕ p − αT e , and the estimation of T e itself, which must be determined separately. Hobbs and Wesson [2] considered a floating emitting surface in a plasma and solved Poisson's equation with Bohm's criterion modified for an emitting surface and determined that the potential of the floating surface was approximately T e below the potential at the sheath edge in the limit of large emission (see Sec. II.B) [2] . Numerical simulations show that a floating probe in the limit of large emission (emission current greater than collection current) will float 1.5T e below the plasma potential [44] . In plasmas with a significant density of energetic electrons, such as in beam plasmas or double plasma devices [45] , the floating point in the limit of large emission can approach the stopping voltage of the energetic electron energy and fail to provide an accurate plasma potential measurement [9, 46] . If the EEDF is spatially constant for all measurements, then the differences between the plasma potential measurements (which are often of greatest interest, i.e. for electric field measurements) would be unaffected. To determine if the floating potential measurement is seriously affected by this offset, the floating potential technique can be compared with the inflection point technique (see following section).
Aside from any errors, the floating potential signal may be noisy; we recommend reporting one-half of the peak-to-peak fluctuations in Fig. 9 Emissive probe temperature under varied heating currents and filament diameters, using a simple application of the long-wire limit of Eq. (11). These curves should be treated as only approximate for real probes because they do not account for conductive cooling.
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the floating potential as uncertainty. Typically these fluctuations come from the plasma, and so quiet, stable plasmas will have lower uncertainty for this technique. Heating source stability also reduces error, because small changes in probe temperature can greatly affect the emission current [see Eq. (7)]. Finally, long wires separating the probe and the measurement location can introduce electrical interference; keeping wires as short as possible and using coaxial cables when practical will reduce interference.
There is no simple analytical expression for the floating potential of an emissive probe, even in the planar model. Hobbs and Wesson [2] considered a floating emitting surface in a plasma, solved Poisson's equation with Bohm's criterion modified for an emitting surface, and determined that the potential of the floating surface was approximately T e below the potential at the sheath edge in the limit of large emission. However, there is an additional drop of 0.5-1T e from the presheath, depending on collisionality. This factor can neither be neglected, nor easily measured. It was shown that, in the case a ≫ λ d , the floating potential saturates at [24, 36] V em f ≈ ϕ p − 1.5T e Δϕ vc (12) where Δϕ vc is the potential difference between the floating potential and the potential minimum (or virtual cathode; see Fig. 2 ) due to space-charge effects. For typical plasma thruster conditions T e ≫ T w , the last term on the right-hand side is small, Δϕ vc < 0.15T e . Recent plasma thruster experiments with floating emissive probes concluded that the full difference between the floating point in large emission and plasma potential was 1.5-2T e , consistent with the preceding values. Note that for the determination of the plasma potential from Eq. (12) it is necessary to measure the electron temperature. When sweeping probes that are biased with respect to the plasma are not practical, the electron temperature can be measured by using double probes [47, 48] , triple probes, or even the same emissive probe when it is cold (nonemitting) or hot (strongly emitting). The method of determining the electron temperature T e from the floating potentials of the cold and hot cylindrical emissive probe relies on knowledge of the electron and ion currents drawn by the probe at a given potential [24, 36] . In general, the floating potential of a probe adjusts itself so that the probe draws no net current in a steady state. Thus, the floating probe retards the incident electrons and attracts the ions. In the case of the retarding potential, the electron current to the cylindrical probe is well known and given by [49] 
This current is independent of the sheath size, which is not the case for the ion current to the attracting probe. In general, the current of charge carriers to the attracting probe depends on the ratio a∕λ d [49, 50] . For a probe radius large with respect to the debye length (a ≫ λ d ), the probe is in the well-known thin (planar) sheath limit, which requires that ions be accelerated to the Bohm velocity before entering the sheath [18] . In this case, all ions entering the sheath are collected by the probe and, equating the ion and electron fluxes, the floating potential of a cold probe in the thin-sheath limit is
where m i is the mass of a xenon atom in this case. Recall that V fl − ϕ p is the potential difference between the bulk plasma potential and the surface, whereas ϕ sheath is the potential difference between the sheath edge and the surface, the difference between the two being the presheath potential. The factor of 0.61 comes from the density drop between the bulk plasma and the sheath edge due to the presheath in a collisionless plasma. In the opposite limiting case of a thick sheath (a ≪ λ d ), the simple analytical expressions exist if the potential around the probe decreases more slowly than r −2 . Under these assumptions, the probe is in the OML regime [19] . In this regime, for every ion energy there exists an impact parameter that makes the ion hit the probe with a grazing incidence. The maximum impact parameter for hitting the probe is then a simple function of the ion initial energy and the probe potential. The ion current to the probe is given in this case by
It is important to emphasize that the OML current is the maximum ion current that can be collected by a cylindrical probe with a given collection area. Then, by equating the electron and ion currents [Eqs. (13) and (15)], the floating probe potential satisfies the equation
The numerical solution of this equation for xenon plasma gives the floating potential in the thick-sheath limit of the OML regime:
Thus, the absolute value of the floating potential in the thick-sheath case is about 10% smaller than that in the thin-sheath case. The floating potential shifts closer to the plasma potential.
As the ratio a∕λ d increases and becomes a∕λ d ∼ 1, the OML theory breaks down. This happens because of the specific potential distribution around the probe in this case, which can reflect ions that would not be reflected in the simpler (e.g., Coulomb-like) potential. The case of arbitrary ratio a∕λ d is very complex and can be treated only numerically. The corresponding problem was formulated and studied by Bernstein and Rabinowitz [51] and Laframboise [52] . The numerical results in [52] were later fitted with rather simple analytical expressions by Steinbrüchel [53] . According to Steinbrüchel, the OML current [Eq. (15) ] remains a very good approximation to the numerical results for a∕λ d < 3. However, for arbitrary a∕λ d the value of the floating potential of a cold probe lies between the upper and the lower bounds given by Eqs. (17) and (14), respectively.
For example, for the typical Hall thruster discharge channel plasma parameters n e ∼ 5 × 10 11 cm −3 and T e ∼ 20 eV, the Debye length is about λ d ∼ 0.05 mm. The hotter or less dense the plasma is, the larger the debye length is. If the emissive probe diameter is ∼0.1 mm, a∕λ d ∼ 1, and the planar probe approximation does not apply. In fact, according to Steinbrüchel [53] , the OML theory is more appropriate to calculate the ion current and the floating potential. In the following, the maximum uncertainty that is introduced in the value of T e is estimated when one uses the planar probe model to determine T e from the measured floating potentials of the cold and hot cylindrical emissive probe. In the planar probe model, the electron temperature can be found from Eqs. (12) and (14):
this experimentally measured temperature T exp e should be distinguished from the true value of the electron temperature T e . The real T e should be determined from the appropriate formulas for the cylindrical probe. For the cold probe in the case a ∼ λ d , we can use Eq. (17), whereas for the hot emissive probe, the equation is
Here the coefficient α is larger than zero, because the floating potential of the emissive probe should be less than the plasma potential. On the other hand, as follows from the comparison with the thin-sheath case, α < 1.5. Thus,
The maximum possible value of T e is T e α 0 0.815T exp e , whereas the minimal value of T e is T e α 1.5 1.142T exp e . Therefore, the gross formula for the uncertainty of the electron temperature is
This formula gives the maximum possible deviation of the real electron temperature from the one calculated in the planar probe model. For a thruster with T e 20 eV, the uncertainty in the measurement is 3.4 eV.
B. Inflection Point Method 1. Operation
The inflection point method was developed by Smith et al. [20] in an attempt to reduce the space-charge effects associated with the floating point method. Figure 10 shows an experimental emissive probe I-V trace and its derivative [20] . The inflection point of the I-V characteristic of an emitting probe in the limit of zero emission approaches the plasma potential. The inflection point is shifted slightly by space-charge effects due to emission and this shift appears to be linear (see Fig. 11 ) [20] . Therefore, the inflection point is measured for a number of low emission levels (temperature-limited emission on the order of electron saturation current or less) to minimize the space-charge effects, and these points are linearly extrapolated to zero emission where there are no space-charge effects.
A qualitative justification for the inflection point technique was given by Smith et al. [20] . The inflection point of a Langmuir probe I-V trace gives the plasma potential. The uncertainty of such a measurement, however, is ∼T e and can be larger if there is noise in the data. When the probe emits electrons, the inflection point is more clearly defined and easily measured with smaller uncertainties. But space-charge from the emitted electrons shift the inflection point away from the plasma potential. By extrapolating the inflection point to zero emission, the plasma potential can be accurately measured without the emitted electron space-charge effects. A more quantitative justification has recently been given [10] . Using Ye and Takamura's [28] analytical description of an emissive probe I-V trace, a theoretical emission current versus inflection point graph was calculated. This analysis indicated that the inflection point method underestimates the plasma potential by ∼T e ∕10e, but it is only qualitatively consistent with real data because of geometric effects (see the following).
The circuit diagram of the swept probe is shown in Fig. 12 [10] . A bipolar amplifier driven by a standard function generator was used to bias the probe and a floating power supply was used to heat the filament. The parameters V HEATING , V PROBE , and V CURRENT were all voltages that could be measured by a DAQ system. The voltage that drove current across the probe to heat it was V HEATING , the potential bias on one leg of the probe was V PROBE , and the voltage across the shunt resistor from which current could be determined was V CURRENT . The function generator represents the driven bipolar amplifier. The isolation amplifiers are used to prevent current leakage that would affect the probe current measurements.
Calibration
Determining the correct emission currents is extremely important for the inflection point in the limit of zero emission technique. Temperature-limited emission currents should be no more than a few times the electron saturation current. For the most accurate measurements with this technique, the temperature-limited emission current should be less than the electron saturation current. The temperature at which the probe begins to emit sufficiently is a function of its diameter, though calculating or measuring that temperature is not critical. Only the resulting emission current is important. To determine the optimal heating so that the temperature-limited emission approximately equals the electron saturation current, heat the filament (see Sec. IV for information on heating) until it glows white hot. Incrementally increase the heating current, taking I-V traces at each heating current level until the I-V trace is modified by the electron emission. Reduce the increment and continue to increase the heating, taking I-V traces at each increment, until the temperature-limited emission current approximately equals the collected electron saturation current. The collected electron saturation current is the current at the knee of the I-V trace, just as with a Langmuir probe I-V trace, whereas the temperature-limited emission current is the current at large negative probe potentials where the current is no longer a function of bias voltage. Equation (11) provides an approximate heating current necessary. Note that this is just an approximate value. Great care should be taken when determining the ideal emission current so as not to overheat and melt the filament before any measurements are made.
To use this technique, multiple I-V traces must be taken, each with a different value of the temperature-limited emission current. At least four emission currents should be chosen, with more imparting a higher accuracy to the technique. The emission currents should be chosen to be approximately equally spaced in the range of useable emission currents.
The inflection point in the limit of zero emission technique uses an approximation that the relationship between the inflection point and the temperature-limited emission current is linear, but the true relationship is more complex. A full relationship can be calculated using a planar fluid theory and is shown in Fig. 13a [28] . The function can be divided into three regions. For the highest emission levels, the inflection point is independent of the temperature-limited emission. Just below a certain emission current, ∼0.028I e0 for Fig. 13a , the relationship is approximately linear with the inflection point rising as the emission current decreases. Once the emission level is quite low, the function becomes nonlinear as the inflection point approaches the plasma potential. The inflection point in the limit of zero emission technique requires a line to be fit to this function and extrapolated to zero emission. Because only low levels of emission are used in experiments, the data points should fall in the approximately linear region. Fitting this part of the curve and extrapolating to zero yields an estimate of the plasma potential that is ∼T e ∕10e below the plasma potential. That scaling is independent of the plasma density. A linear fit does not capture the nonlinearity at low emission currents but the error due to the nonlinearity (∼T e ∕10e) is typically smaller than uncertainty due to measurement noise, so the discrepancy is minor. Figure 13b shows the experimentally determined relationship between the inflection point and temperature-limited emission from data taken in a multidipole chamber [10, 54, 55] . The shape of the curve of the experimental data is almost identical to that predicted by theory, the main difference being the scale. The discretization in the horizontal axis was due to a DAQ resolution of 0.05 V. The range of inflection points is over T e ∕e in the experimental data, whereas in the theory is only T e ∕4e. The biggest difference, though, is in the range of emissions in which this curve exists. The transition point between the emission independent and linear regimes occurs at I et ∕I e ≈ 0.028 in theory, but at I et ∕I e ≈ 3 × 10 4 in experiments. The difference is six orders of magnitude, which is likely due to a planar theory inconsistency with a cylindrical probe. However, the accuracy of the linear fit to the x intercept is unaffected by the scale on the y axis.
The smaller the filament radius is relative to the debye length, the more the emitted electrons spread out compared with a larger filament, and so it takes more emission current to saturate the space charge when the probe is small. Additionally, smaller filament diameters yield larger electric fields, which permits larger emission currents. Therefore, a smaller filament affords a greater range of useful emission currents.
Data Reduction and Error Analysis
The inflection point can be determined from the I-V trace by taking the maximum of its derivative. Once the inflection point versus temperature-limited emission current data points have been extracted, one only needs to fit those points to a line and extrapolate to zero emission current. The inflection point in the limit of zero emission is the measure of the plasma potential.
Noise in I-V traces manifests itself in two forms: noise in the current measurement and noise in the voltage measurement. Noise in the current can be caused by fluctuations in the plasma, a source of which cannot be reduced without altering the plasma itself. Another cause can be electrical interference if the wires connecting the probe to the measuring instruments are long. The noise in the current is most significant compared with the noise in the voltage when the current changes slowly with the bias voltage, far above or below the plasma potential. Near the plasma potential, where the probe current changes rapidly, noise in the voltage measurement is the most significant. This noise comes, principally, from noise in the electronics used to set the probe voltage. A common voltage source for I-V traces is a bipolar amplifier that can seamlessly transition from negative to positive voltages. These devices, however, tend to be quite noisy and may be unsatisfactory if very precise measurements are needed. A computer controlled DAQ system with a high-voltage operational amplifier can greatly reduce the voltage noise and lead to much better measurements.
The uncertainty of this technique is more complex than the floating potential technique. Theory predicts that it is accurate to within T e ∕10e, which is typically less than the uncertainty from noise, so the method can be assumed to be accurate [10] . To accurately determine the inflection point, the I-V trace data must have a high enough signal-to-noise ratio for differentiation to yield a resolvable peak. If the I-V trace is too noisy, its derivative will show no clear inflection point. If the noise cannot be reduced by improving the circuit, data methods can be used. Number averaging many I-V traces in the same conditions can be time consuming but is the best way to reduce noise when taking data in a stable plasma. The I-V trace can be numerically smoothed, but too much smoothing displaces the inflection point and should not be used excessively.
The second source of uncertainty is in the extrapolation of the inflection point data to zero emission. Here it is important to take data over a wide range of emission currents. The uncertainty is the root mean square of the difference between the inflection point data and the inflection point of the fitted line at the same emission current as the data point. Note that the shortest distance from the data point to the fitted line is not the important parameter because the temperature-limited emission currents can be measured with far greater accuracy than the inflection point. The total uncertainty of the measurement, then, is the root mean square of the uncertainty in identifying the inflection point and the uncertainty from fitting the data to a line.
The uncertainty analysis of extrapolating a line fitted to uncertain data is complex. Monte Carlo simulations were performed to determine the uncertainty of the measured plasma potential σ p as a function of the inflection point uncertainty σ I , the number of I-V traces N traces , and the ratio of the maximum emission current to the range of emission currents I et;max ∕I et;max − I et;min . As the uncertainty of the inflection point measurement decreases and the number of I-V traces increases, the uncertainty of the plasma potential decreases. A smaller ratio of maximum emission current to range of emission currents means that the data do not have to be
This equation is accurate to within 5% for three or more I-V traces. Godyak et al. [56, 57] and other authors [58] [59] [60] take the inflection point of the I-V characteristic curve of a cold collecting probe to be the plasma potential. It is argued that the inflection point in the limit of zero emission is simply the inflection point with zero emission (i.e., a collecting probe). Measuring the plasma potential as the inflection point in the limit of zero emission, however, unambiguously identifies the real inflection point and linearly fitting multiple points reduces the overall uncertainty of the measurement. It has been shown that the inflection point in the limit of zero emission and the inflection point of a Langmuir probe can agree quite closely, but there are a variety of reasons to prefer the emissive probe [10] . It is difficult to identify inflection points when noise is present, so the many measurements of the inflection point in the limit of zero emission significantly reduce the uncertainty. Emissive probes can also determine the plasma potential in sheaths and plasmas with beams (see Secs. VI.C and VI.E), which is very difficult to do with a collecting probe [9] .
When using the inflection point in the limit of zero emission method, it has been observed that smaller probe diameters increase the slope of the line relating emission current to inflection point [20] . The large slope leads to less uncertainty when calculating the plasma potential with this method, so smaller wires are typically preferable. Larger diameters can be useful when determining the location of the sheath edge when identifying the sheath edge by a reversal in the sign of the slope of the emission current versus inflection point (see Sec. VI.E). Most experiments have employed emissive probe wires with diameters between 0.0025 and 0.02 cm.
C. Other Techniques
The floating point technique and the inflection point technique are the principle emissive probe methods used to measure the plasma potential in electric propulsion devices. Other emissive probe techniques exist but are, in general, not useful for electric propulsion related activities. They are briefly mentioned here to make the reader aware of them in case one is appropriate for a particular experiment.
Separation Point Technique
Langmuir [1] suggested that an electric probe could be heated to a point just below emission and then, by shorting part of the circuit, temporarily increase the temperature so that the probe would be emitting. The lowest potential at which the collected current was the same for the nonemitting and emitting cases was taken to be the plasma potential. This method was improved once I-V traces could be taken because it was easier to find that point and was referred to by Chen [61] as the separation technique: If the I-V traces of the probe while cold and hot are superimposed, the point of separation is the plasma potential [62] . This simple theory, however, has been superseded by more modern analyses that consider space-charge effects and it is now known that the separation point method is unsound [10] .
Capacitive Probe
An option for measuring the plasma potential in high-temperature plasmas is the secondary electron capacitive emissive probe (SECP) designed by Wang et al. [63] . For the probe to have significant secondary electron emission, the material exposed to the plasma is glass, which has a secondary electron coefficient between two and three for temperatures greater than 50 eV [63] . The potential is measured capacitively by an electrode within the glass (see Fig. 14) . The potential on the probe is measured across a large (∼88 MΩ) resistor with a high-impedance operational amplifier as a buffer.
Because the probe is capacitive, there is a low-frequency measurement limit, which depends on the resistor and the capacitance of the cables. The typical low-frequency cutoff was 1 Hz, so this device is limited to measurements in pulsed plasmas. It was claimed that high-frequency limit is on the order of 100 MHz. Because the electrode does not float at the same potential as the surface of the glass, this probe must be calibrated before use. This was done by covering the probe with foil or dipping it in mercury and then applying a known low-frequency signal and measuring the output to determine the attenuation of the system.
A limitation to this method is that the electron temperature must be high enough to produce sufficient secondary electron emission. Experimentally, the minimum electron temperature was determined to be 20 eV [63] . If this condition is not satisfied, the SECP method yields a plasma potential significantly lower than given by the floating potential method. The benefit of this method is that the probe has a sturdy construction that is not prone to breaking or melting as other techniques are in high-temperature plasmas. The SECP method has no published use other than the first paper, so it is not known how well this technique performs in other applications, such as electric propulsion.
Current Bias Method
Langmuir probes cannot be used to measure the space potential in a vacuum because there is no current to collect, yielding a structureless I-V trace. Emissive probes, however, can be used because they only emit electrons when biased below the space potential. The floating potential of an emissive probe in a vacuum, however, does not give a good measure of the space potential [64] . The vacuum current bias method was developed specifically for measuring the space-potential in a vacuum with no plasma. Usually, when taking an I-V trace, the voltage on the probe is applied and the current measured. The vacuum current bias method fixes the current drawn from the probe and the voltage of the probe is measured instead [65] . The emissive probe is first placed in a known space potential. The probe is biased to that known potential and the emission current is measured. The space potential can be determined in other locations by the potential at which the probe emits the same emission current as was measured in calibration. Although it is possible to use the current bias method to measure the plasma potential [65] , it essentially reduces to the floating potential technique and, therefore, it will not be discussed it in further detail.
D. Method Comparisons
It has been observed that the various emissive probe techniques do not agree with each other [10, 20, 38] . Typically, the floating point method gives a lower measure of the plasma potential than the inflection point method. A dedicated study regarding this question was performed in a Hall thruster plasma with electron temperatures between 10 and 50 eV [10] . The probe location was 0.5 cm away from the face of the thruster and between 0 and 0.2 cm radially inward from the outer channel wall. By varying the discharge voltage, the acceleration region position changed and thus the electron temperature varied. Figure 15 shows the probe mounted to a two-dimensional (2-D) motion table to control its position. Figure 16 shows the difference between the inflection point method and the floating point method [10] . The comparison between the techniques shows that the inflection point method yields a value ∼2T e ∕e above the floating point method, which is fairly consistent with the 1.5T e ∕e predicted from fluid theory and particle-in-cell (PIC) simulations [2, 44] . The authors conclude that the inflection point in the limit of zero emission more accurately measures the plasma potential than the floating point method. The floating potential technique is predicted by fluid theory to yield a measure of the plasma potential ∼1.5T e ∕e below the plasma potential, whereas the inflection point technique is predicted to yield a measure ∼T e ∕10e below the plasma potential. The data are consistent with these predictions, though a comparison of emissive probes to another method for determining the plasma potential (such as laser induced fluorescence) would be more definitive.
Although the inflection point technique may be the most accurate, it is not the best technique for every experiment (see Sec. VII). The inflection point method cannot measure temporal variations easily and in high-energy density plasmas there is a greater risk of failure. If the electron temperature is small, the difference between the inflection point technique and the floating point technique will be small as well. Additionally, if the electron temperature is constant, the floating point technique's error is constant, and so relative changes in the plasma potential and electric field measurements will still be correct. The authors suggest that the floating point method be compared with the inflection point in the limit of zero emission method before use, though, to ensure the measurements will be accurate.
IV. Heating Methods
Most emissive probe designs require the probe to be heated to the point where it begins emitting electrons. There are several ways to do this and each method has its own strengths and weaknesses. The most common method for heating an emissive probe is to simply run current through it. This method is easy to control by varying the current and can be most simply implemented with a continuous direct current. There is a distribution of bias voltages across the filament because a potential drop (the heating voltage V H ) is required to make current flow. A good approximation of the effective bias potential is the potential at the hottest part of the probe because electron emission is highly temperature dependent [see Eq. (7)]. Because the ends are cooled by conduction to the supports, the middle of the probe is the hottest part. Therefore, the effective bias voltage can be taken as the bias potential at the middle of the probe [62] . Depending on the heating circuit, this could mean that the effective bias potential is the bias potential plus V H ∕2, 0, or −V H ∕2 [66] .
Thermionic emission for thoriated tungsten occurs at appreciable current densities around 2000°C. At these temperatures, emissive probes are fragile and prone to early failure due to evaporative mass loss, thermal shock, and, above all, human error. In the simplest case, probes may be heated manually from a power supply front panel control, especially for robust wires of 0.5 mm or larger diameter. However, for finer wire, a computer-controlled heating profile with a linear ramp to emission from a warm "idle" state is recommended. The heater power supply must be floated with respect to ground and it is important to ensure that the maximum allowable floating potential is greater than the expected plasma potential. If the power supply attempts to float at a larger voltage than it can tolerate, then the current can find additional paths to ground through the power supply, leading to significant error. Typical power supplies tolerate 25-40 V floating potentials, but some can handle as high as 500 V.
Several factors motivate keeping the probe at a warm idle current when not actively taking a measurement. Because of evaporative mass loss, one should minimize time at emissive temperatures. However, filament failure from thermal shock in hot-cold cycling is a risk for small filaments. An emitting filament cooled to ambient temperature may fracture along recrystallized grain boundaries as it cools, even under carefully controlled cooling. Instead, a convenient idle current level is the heating current where the probe has just become visibly red hot. Once a filament has been heated for the first time, it is best practice to return to the warm idle between measurements and continue testing until probe failure, rather than allow the filament to cool completely. A warm idle also keeps the probe body closer to thermal equilibrium, making it easier to identify the heating power that produces saturation without overshooting during the slight delay between applying a heating current and the probe temperature response.
For smooth, reproducible fine control without human error, a computer-controlled heating circuit used with good success in the interrogation of Hall thruster discharges is shown in Fig. 8 . A programmable power supply with remote current control capability was driven by an analog voltage source with a unity gain isolation amplifier to float the analog control voltage. The analog voltage was ramped by software such as LabView over a USB interface and the power supply output current was calibrated to the analog inputs. This enabled smooth, repeatable linear ramping of the heating current from idle to saturated emission, with built-in delays for data acquisition at peak current. Based on the authors' experience, for a 0.1-mm diameter filament, the warm-idle current may vary between 1.5 and 2.5 A due to variations in probe construction, with the emitting current generally 0.3-0.5 A higher. A detailed expression of the probe temperature as a function of heating current can be found in Eq. (11), but unknowns in the experimental setup make experience more valuable. Initial experiments should use the procedures described in the calibration section of the appropriate technique (described in Secs. III.A.2 and III. B.2). A typical heating schedule, used successfully, though not optimized, is a 10-20 s ramp time from idle to emission with a pause at peak heating of 2-3 s before data acquisition.
B. Alternating Current Joule Heating
For more accurate knowledge of the bias potential, measurements can be taken while there is no voltage drop across the filament [42] .
To do this, the filament must be heated with half-wave rectified alternating current and the data taken during the nonheating halfcycle. A simple example of a circuit for this purpose is shown in Fig. 17 [41] . Outlet power at 50 or 60 Hz is often used, but higher frequencies can be used as well [67] . Care must be taken that the I-V trace is recorded quickly with respect to the cooling time of the probe (typically on the order of 10 ms) when using ac heating in conjunction with the inflection point method. Fujita et al. [42] , using a 0.5-mm diameter wire, showed that the inflection point can change by up to 1 V during the off cycle due to cooling, though the floating point did not vary during the off cycle.
C. Self-Emission
High densities and temperatures make probe use more complicated. The probes themselves can perturb the plasma, the shaft can introduce impurities, and the high-energy density can cause the probe to melt [57, 68] . The melting problem is especially acute in emissive probes when using joule heating and taking I-V traces. The heating required to bring the probe to high emission is frequently enough to melt the wire. These problems can be reduced by using a self-emitting probe, which is heated to emission by the energy in the plasma itself, a technique designed by Hershkowitz et al. [68] . A selfemitting probe consists simply of a wire end exposed to the plasma. The electronics for measuring the probe current are a resistor or highimpedance operational amplifier connected from the probe to ground, across which the voltage can be measured; the floating point technique is the underlying method for self-emitting probes. Because there does not need to be a closed wire loop through which current can pass, the supporting shaft size can be smaller, reducing impurities and perturbations. To date, self-emitting probes have only been used at the edge of magnetically confined fusion plasmas (T e ≈ 30 eV, T i ≈ T e , n e ≈ 3 × 10 13 cm −3 ) [68] [69] [70] . However, these conditions suggest that self-emissive probes may be successful in high-energy density electric propulsion plasmas such as arcjets, magnetoplasmadynamic thrusters, or Hall thruster channels, which, in some cases, are only somewhat less hot and dense.
It takes time for the probe to be heated to emission, a few milliseconds, generally, and so the plasma potential during heat up cannot be known. The equation governing the probe heating is where v α and T α are the thermal velocity and temperature of species α, C p is the specific heat of the probe material, a is the radius of the probe, ρ is the density of the probe material, T w is the probe temperature, and t is time [68] . This equation assumes that energy losses from the probe were small compared with the gains to it, which is true for most pulsed fusion experiments. It is clear from this equation that, if the density and temperature of the plasma are too large, the probe will heat up too quickly and melt in the course of a single shot. Therefore, if the density and temperature are too high, the radius must be increased to prevent melting. How large of a radius perturbs the plasma significantly depends on the specifics of the experiment. To prevent the probe from being destroyed, it can be quickly inserted into the plasma of interest and back out before it melts. Rohde et al. [69] used a pneumatic drive to move the probe at 1 m∕s, allowing potential measurements to be made in a plasma where T e 80 eV and n e 2 × 10 13 cm −3 . Similar measurements were successfully made by Fink et al. [70] . Another limiting factor is that the electron emission current must be larger than the electron collection current for the floating potential to be a good indicator of the plasma potential [68] . Starting from the conditions that the emission current is greater than the collected current and the probe is heated to just below the melting point, a limitation based on the density and temperature for which a pure tungsten self-emissive probe can survive can be derived:
where n e is in cubic centimeters and T e is in electron volts.
D. Laser Heating
Although the aforementioned heating schemes are simple and easy to employ, there are serious drawbacks to each. Running current through the filament causes many problems due to the bias voltage and temperature distributions across it. The laser heated method provides a solution to these problems, though involving a more complicated setup. Ono and Teii [71] developed a system by which a probe was heated to emission via an infrared laser and I-V traces were taken. The laser was a 10-20 W continuous wave CO 2 laser directed at a 0.4-mm diameter sphere of platinum, coated with carbon to improve the absorption of the laser energy. By changing the power of the laser, different levels of emission could be reached.
This scheme has been applied in dc discharges [71] , RF discharges [72, 73] , and tokamaks [30] . The probe itself can be made of a variety of materials, including platinum, tungsten, graphite, and LaB 6 . The greatest benefit of heating with a laser is that there is no potential distribution across the probe. Because of this, laser heated probes have attracted attention from the fusion community in recent years [30, [74] [75] [76] [77] . Particularly noteworthy is the movable laser heated emissive probe designed by Schrittwieser et al. [74] , as shown in Fig. 18 . This design allows the probe to be moved without needing to refocus the laser and has been employed in a helicon discharge. A study of various probe materials for laser heated emissive probes indicates that a graphite tip causes the least noise in the measurements, but LaB 6 emits more current for a given laser power [77, 78] . Additionally, it was found that LaB 6 is extremely robust, showing no signs of evaporation even after hours of continuous heating, giving it a much longer lifetime than a tungsten probe. All of these factors combine to make a laser heated probe a promising technique for high-energy density plasmas.
V. Probe Construction
The design scheme of an emissive probe can significantly affect the performance and lifetime of the probe. A number of common designs are presented in this section to apply to a variety of types of plasmas.
A. Material
In many cases, emissive probes are made out of tungsten. Tungsten has the highest melting point of any metal (3695 K), which allows it to be heated to higher temperatures and greater emission than other metals [79] . Frequently, the tungsten is doped with thorium oxide, usually at between 0.5 and 2.0%, which increases the electron emissivity by up to three orders of magnitude by reducing the work function of the wire. Thorium is radioactive but is an alpha emitter, so it is not dangerous unless ingested. The thorium oxide is initially present throughout the tungsten, but after heating, it diffuses to the surface, a process studied in detail by Langmuir [80] . Thoriated tungsten emissive probes have been employed in a wide range of plasmas from vacuum [64] to tokamaks [81] . It is the most commonly used emissive probe material for measurements in electric propulsion devices. Tungsten and thoriated tungsten are convenient choices for constructing emissive probes in any plasma that does not contain oxygen. When using a laser heated emissive probe, however, a wider variety of materials are available, so graphite or LaB 6 can be used (see Sec. IV.D).
Typically, when using a wire as an emissive probe, the wire diameter should be kept as small as possible. This is to minimize the disturbance to the plasma and the heating current needed to heat the wire to emission. Most experiments have employed emissive probe wires with diameters between 0.0025 and 0.05 cm. There are, however, other considerations to keep in mind. Higher heat fluxes in high-energy density plasmas can melt thinner wires, whereas thicker ones can conduct away sufficient heat to survive [68] . When studying plasmas produced by plasma thrusters, magnetrons, and other devices with ion flows, sputtering can severely limit the probe's lifetime, so thicker wires may be used to allow the probe to survive longer [24] .
Probe lifetimes in electric propulsion devices can range from seconds to tens of hours, depending on the plasma conditions. Overheating is a major issue for probes in high-energy density plasmas, such as the Hall thruster channel, where the particle flux to the probe is so large that the probe can melt. These regions can be probed with high-speed (several meters per second) translation stage Fig. 18 Scheme used to heat an emissive probe with a laser while still keeping the probe mobile in one dimension. This is made possible by the lens mounted on the linear feedthrough, keeping the distance from the lens to the probe constant. (Reprinted from Schrittwieser et al. [74] with permission.) so that the probe can be inserted, measurements taken, and removed again before it is destroyed [82] . Ion sputtering is the major issue in the plume. Xenon ions with energies of ∼1200 eV have a sputter yield (number of sputtered atoms per incident ion) of tungsten of ∼1.7 [83] [84] [85] . If an ion engine were producing a beam current density of 1 mA∕cm 2 , a probe in the beam would have a sputter rate of 1 × 10 −7 cm∕s. A probe with radius 0.01 cm would last for approximately 25 h, neglecting other lifetime limiters such as evaporation and stresses from heating. The use of positioning setups and limited exposure of the probe to the plasma is important to implement to extend the probe lifetime. With careful technique (not over heating the probe, moving the probe out of the beam when not in use) a lifetime of 10 h can be achieved.
B. Shape
Various schemes have been devised to secure the tungsten wire electrically and mechanically. It is critical that the emissive probe be secured in a manner that holds the probe in place while letting it be exposed to the plasma. If there is too much insulator next to the probe, the insulator can become charged from the emission and distort the local plasma potential. There are two different designs for exposing the wire to the plasma. The most common design for joule heated emissive probes is a hairpin loop, as shown in Fig. 1 [14] . This is a convenient design because it simply requires connecting the emitting wire to the wire leads (see Sec. V.C) and pulling the leads into a ceramic tube so that only the emitting wire is exposed. For a hairpin loop, the filament length (which determines the distance from the emitting point of the filament to the ceramic) should be >2λ d so that the ceramic's sheath does not overlap the emissive probe sheath and affect the plasma potential measurement [86] . The limitation of this design is that the probe is not purely cylindrical, as is assumed when taking I-V characteristics. Space-charge and geometric effects near the bend in the wire due to overlapping sheaths from different points of the filament can become significant when the debye length is on the order of the radius of the bend [14] , which can occur in conditions of thruster plumes.
For a more accurate indication of the plasma potential at low densities when the space-charge effects are significant, a linear emissive probe should be used (see Fig. 19 ). This design is more difficult to construct, but does lead to more accurate plasma potential readings in low densities. Because the linear design only has significant extent in one dimension, the position is better defined and spatial resolution is improved over the hairpin design. Kemp and Sellen [14] showed that, in a plasma with T e ∼ 1 eV and densities on the order of 10 6 cm −3 , the plasma potential measured by a hairpin probe is 0.2 V lower than that measured with a linear probe, a difference that gets worse at lower densities. It is important when building this version of the emissive probe to give the wire a slight amount of arc. The physical distortion of the probe caused by heating and cooling and the brittleness of a hot probe will break a taut filament after a single use.
Emissive probes that do not rely on joule heating can have a smaller probe and smaller support structure if no current need be run through the wire. Self-emissive probes merely require a small end (2 mm) of the emitting wire exposed to the plasma and otherwise protected by an insulating tube [68] . Laser heated probes, too, avoid the problems caused by joule heating and can be made in an arbitrary shape [72] .
C. Connection
Connecting a tungsten wire to wire leads is a nontrivial problem. Although there have been reports of tungsten being soldered with silver or copper, it required temperatures in excess of 1100°C and soldering time of 1-15 min, which is often not practical [87] . One solution is to spot weld the tungsten wire to gold plated nickel wires and then solder those to the appropriate connections [14] . Nichrome (nickel-chromium) wire has been used as an alternative to gold plated nickel [88] . To reduce the current requirements of heating the probe, Motley [89] made a tapered filament by electrolytically etching the exposed part of the wire. A 0.025-cm diameter tungsten wire was used to construct a typical hairpin loop. That loop was dipped in sodium hydroxide solution to etch the tip of the wire, reducing its diameter to 0.005 cm. only at the tip. Others forgo the spot welding and simply use the mechanical contact created by squeezing the filament and connecting wire into the bore of the ceramic tube to maintain good electrical contact [90] . Siebenforcher and Schrittwieser [91] employed a variation of this design where the filament was braided into the connecting wire for a more secure contact. Finally, the filament may be inserted into small copper tubes of the type used in electric discharge machining with care to keep the hot tip far enough from the junction to avoid melting the copper [43] .
D. Support Structure
The basic support structure for most probes, including emissive probes, is a series of progressively smaller tubes, making a so-called telescoping probe [15] . The end tube is typically a dual bore alumina tube to isolate the two legs of the emissive probe (see Fig. 19 ). Alumina is typically the material of choice because it is low cost, a good insulator, and can withstand high temperatures (up to 2000 K). Most probes for low-temperature plasmas can be made with alumina supports. Alumina can, however, trap vapors during machining processes that can outgas when the alumina is subjected to vacuum. This does not make alumina unusable in vacuum applications, but it is important to make sure that tubes are well outgassed before their application in plasma. Outgassing can be achieved by placing the probes in vacuum until the vacuum chamber reaches the base pressure achievable when no alumina is in the vacuum chamber.
There are some cases, however, when alumina cannot or should not be used. In destructive plasmas with sufficiently high-energy density, the alumina can be quickly ablated due to plasma heating that can be enhanced if plasma electrons are hot enough to induce a strong secondary electron emission (SEE) [82] . Just like emissive probes, the increased heating of the probe structure is due to reduction of the sheath potential. For alumina ceramic, the SEE yield reaches a critical value of one at lower energies than for boron nitride ceramics. Apart from heating of the tube, SEE can introduce serious perturbations to the local plasma potential due to colder SEE electrons injected into the plasma. This is especially relevant to plasmas with magnetic fields, such as in many electric propulsion devices. Staack et al. [7] investigated probe support structure materials and designs in a Hall thruster where probes with an alumina tube modified the discharge current by a factor of 2. They found that using a conductive shielding around the alumina greatly reduced the secondary electron emission, but allowed current to be transported from one end of the support to the other, shorting the plasma. To solve this, they designed a support tube with segmented conductive shielding, which effectively reduced secondary electron emission while not short circuiting the plasma. The segmented shields were made by either plasma spray coating alumina with tungsten and then machining the tungsten into rings or by cementing short graphite rings onto the alumina tube (see Fig. 20 ) [7] . Note that the segmented rings must be robust. Simpler designs with graphite paint applied over tubes have seen the conductive surface sputtered away during insertion into a Hall thruster discharge channel. Using the segmented shield reduced the plasma current perturbation to 4%. Both designs functioned effectively. Fig. 19 Linear design of an emissive probe. The probe filament is the only conducting part exposed to the plasma; all else is insulated with ceramic. (Reproduced from Sheehan and Hershkowitz [12] , with permission from IOP Publishing.)
It is possible to make plasma potential measurements while the emissive probe is moving if the floating point technique is used [3, 69] . Rapidly moving the probe into and out of the plasma may be necessary in harsh plasma conditions that do not permit a long lifetime of the probe. Linear actuators can move probes on the order of 1 m∕s with 10 μm precision [82] . In these cases, the limit on position knowledge is the probe vibration due to the rapid acceleration, which is difficult to quantify without high-speed photography.
Rapid insertion of emissive probes into high-energy density plasmas can cause thermal shock and fracture of alumina tubes, reducing the lifetime of the probe. Boron nitride (BN) has a higher thermal conductivity, so coating the alumina with BN can significantly increase the lifetime. Probe methods that rely on I-V traces should not be used while the probe is moving because the data will be convolved over a range of positions, unless the sweeps are sufficiently fast to achieve many sweeps with a desired spatial resolution. Recent work with rapidly swept Langmuir probes suggests this may be possible with emissive probes as well [40] . Alternatively, it may be possible to fix the probe at a potential and measure the current as a function of time as the probe is inserted into the plasma. If this is repeated for many probe biases and the plasma is unchanging, a set of I-V traces as a function of position could be constructed. The authors are not aware, however, of any experiments using this technique.
Probe-Induced Perturbation of the Plasma
The presence of a probe in a plasma inevitably introduces perturbations. Probes and their supporting structures are loss surfaces that can change the dynamics of a discharge. Emissive probes in particular also add electrons back into the plasma with a different distribution function than that of the electrons that were removed. The floating potential method is particularly susceptible to causing that perturbation because it relies on large emission currents. Keeping the emitting filament small reduces the total emission current into the plasma and can help to minimize any problems caused by the emitted electrons.
Experiments on a Hall thruster have shown that secondary electron emission from the probe support structure can have a significant impact on the discharge [7] . For a constant anode potential, the discharge current can change by up to 30% depending on the position of a probe supported by an alumina shaft. Additionally, energetic ion bombardment of the alumina will cause it to ablate, limiting the lifetime of the probe, though this is rarely the lifetime limiting mechanism, due to the fragility of most filaments. SEE was determined to be the primary cause of the disruptions because coating the support structure with low-SEE material was found to greatly reduce these effects, as was mentioned in Sec. V.D.
VI. Special Cases
Although the principle of emissive probes is the same in every plasma, there are special cases that warrant more detailed examination. The following sections describe the particular way in which emissive probes are applied to each specific system.
A. Plasma Thrusters
Emissive probes have been used in many types of electric propulsion devices, though more so in Hall thrusters and helicon thrusters than other types. Table 1 shows representative electron density n e , electron temperature T e , debye length λ d , ion-neutral mean free path λ i−n , and electron Larmor radius r L;e for different locations in arcjets, Hall thrusters, helicon thrusters, ion engines, magnetoplasmadynamic (MPD) thrusters, and pulsed plasma thrusters (PPT) [92] [93] [94] [95] [96] [97] [98] [99] . Note that these numbers are only meant to be interpreted as examples from particular thrusters as a point of reference for determining the importance of the various effects described in this article. There can be great variation of these values between thrusters and before an emissive probe is used to measure the plasma potential in a particular thruster the specifics of that thruster must be considered.
The arcjet throat, Hall thruster channel, and MPD all have highenergy densities that can easily destroy probes, making high-speed translation stages necessary. The PPT has a high density, but it is a transient plasma without enough energy to destroy a probe. In most cases, the Debye length is much smaller than the probe diameter, so planar sheath theory can be used, though low densities in the Hall thruster and ion engine plumes may result in finite sheath size effects [31] . The ion-neutral mean free path is typically very long compared with the probe size, so the presheath length is determined by the probe size [100] . An electron Larmor radius smaller than the probe will make the effective probe area smaller, though magnetic fields are typically not large enough for that to happen.
In Hall thrusters, extracting an accurate measurement of the plasma potential profile and, relatedly, electric fields in the acceleration region from floating emissive probe data is nontrivial. Basic emissive sheath theory predicts that the large electron temperatures on the high potential side of the acceleration region will cause correspondingly large errors in the plasma potential measurement. The electron temperature drops through the acceleration region, resulting in a variation of error in those measurements with respect to position in the acceleration region [36] . The plasma potential as measured by the floating potential technique will result in a monotonic potential drop across the acceleration region. If, however, the potential measurements are adjusted by 1.5T e ∕e when the electron temperature is not constant, the plasma potential can be nonmonotonic with a bump in the potential distribution just before the acceleration region [34, 101] . There is disagreement in the community on whether this bump is physical or nonphysical. Because the anode sheath is predicted (and measured) to be negative, there can be a situation with a virtual anode formed in front of the anode. The potential bump could be as high as ∼T e ∕e. This bump is essentially a result of the pressure gradient that has a peak in front of the acceleration region. This explanation, however, has not yet been quantitatively validated by model, leaving open the possibility that there is an error in the 1.5T e ∕e adjustment. On the other hand, not adding any correction to the floating potential measurements is not correct due to the emissive sheath potential. Both approaches, adding a correcting factor and not adding a correcting factor, have issues due to absence of good modeling validation.
Multiple complicating factors may cause a simple 1.5T e ∕e adjustment of the measured plasma potential to fail. When making measurements within the channel of the Hall thruster, where the walls are typically within 10 cm of the probe, the presheath can introduce an error to the measurements. A presheath surrounds the emissive probe sheath, just as with a collecting probe, to accelerate ions. The length of the presheath is determined by collisional effects, making the presheath size on the order of the ion-neutral mean free path [102] , or geometric effects making it on the order of 10 probe radii (typically ∼1 mm for emissive probes) [31] , whichever is smaller. When boundaries are within two presheath lengths of the probe, the presheath can be determined by the distance between the probe and the wall. To date there have been no measurements that have been made so close to the wall of an electric propulsion device that the presheath is modified, so it is unknown how that would affect measurements.
Additionally, the Hall thruster plasma is predicted to have a nonMaxwellian EEDF [103] . For example, under conditions of a biMaxwellian EEDF with cold and hot electrons, a simplified picture is as follows. The presheath potential drop depends on the electron temperature of less energetic electrons trapped in quasi-neutral plasma, whereas the sheath potential drop is governed by energetic electrons, which can overcome the sheath potential barrier and get to the wall. However, for Hall thrusters, the situation could be more complicated due to predicted anisotropy of electrons with different velocity distribution functions across and along the magnetic field [104] . In addition, secondary electrons from the thruster channel walls make up a second electron population with a different average energy in the plasma. Therefore, the energy distribution function may vary in the acceleration region. Overall, for plasmas with non-Maxwellian electrons, it is not always straightforward what electron temperature should be used for estimating the temperature adjustment of the floating potential of the hot probe due to the spacecharge saturated sheath. The importance and quantitative effects of the presheath, secondary electrons, and distribution function continues to be an active area of research. No quantitative answers to these questions, such as how large is the presheath potential in a Hall thruster, have yet been obtained. For this reason, a simple 1.5T e ∕e correction to the floating potential method's measurement of the plasma potential cannot be made.
B. Magnetic Fields
Emissive probes can be used in plasmas with magnetic fields [24, 38, 81, 105, 106] . A probe emitting in a magnetic field has a modified effective probe area because electrons emitted perpendicularly to the field will be trapped in gyromotion and unable to escape and be emitted. This should not be a significant effect unless the probe wire is oriented along a magnetic field line, in which case almost none of the emitted electrons could escape. Therefore, for emissive probe measurements in the magnetic field, the probe should be placed in such a way that the magnetic field lines intersect the probe filament (i.e., the probe filament orientation is perpendicular to the magnetic field).
If the magnetic field is strong enough, a filament can be deformed due to the force resulting from the current passing through it, as in the case of the Joule heating method, though the magnetic fields in electric propulsion devices are typically not strong enough to do this [74] . Consider the case of a hairpin loop probe in a magnetic field, as shown in Fig. 21 . Euler-Bernoulli beam theory with uniform loading can provide an order of magnitude estimate of the displacement, where one side of the probe would attempt to displace into the page and the other out of the page. The displacement δ with a uniform load is
where I H is the heating current through the probe, B is the magnetic field strength, L is the length of the probe, E is Young's modulus, and I is the area moment of inertia based on the wire cross section. Worst-case values in a Hall thruster might be I H 2 A, B 200 G, L 0.5 cm, and I πr 4 p ∕4 1.2 × 10 −9 cm 4 with a 0.0125-cm diameter filament. Young's modulus for tungsten is 411 GPa at room temperature, but drops to ∼300 GPa at emissive temperatures [107] . In this case, the displacement is only ∼10 −4 cm. If, however, a 0.005-cm diameter filament was used in a magnetic field of 20,000 G, such as in the variable specific impulse magnetoplasma rocket (VASIMR) [108] , the displacement would be ∼3 cm, larger that the size of the probe and resulting in the probe being distorted to the point of destruction. The displacement should be approximately less than a filament diameter to ensure that distortion from the magnetic field is not significant. Laser heating avoids this problem because there is no heating current and recent work has centered around this heating method [30, 73, 74, [76] [77] [78] .
C. Double Layers and Beams
Emissive probes are especially useful in the presence of double layers and beams [9, 109, 110] . Double layers are stationary electrostatic shock-like structures that have a rapid spatial transition (∼10λ d ) from a high potential to a low potential [109] . Double layers can be formed with currents, but current-free double layers (CFDLs) have gained attention lately for application in helicon plasma thrusters [111, 112] . Helicon plasma thrusters are a class of electric propulsion under development by a number of groups that uses radio frequency helicon waves to heat electrons, which ionize the propellant [95, [113] [114] [115] . That plasma expands out of the thruster through a diverging magnetic field, which functions in a similar way to a conventional rocket nozzle. A neutral beam forms, consisting of a jet of ions and electrons, without need for a neutralizing cathode. CFDLs have been observed to be one of the possible ion acceleration mechanisms [116, 117] , with ambipolar ion acceleration being the other [118] . It is important to note that, although CFDLs are predicted to produce no thrust [119] , experiments have shown that diamagnetic forces in these systems contribute significantly to the thrust [120] .
In double layers, streams of ions and/or electrons can make collecting Langmuir probe traces difficult to read because collecting probes do not distinguish between potential and kinetic energy. Emissive probes, though, only start emitting electrons at the plasma potential, making it the preferred diagnostic for measuring potential in double layers and beams [121] . Figure 22 shows measurements from a helicon plasma source expanding through a magnetic nozzle where the field strength drops from 16 mT (160 G) to ∼0.5 mT (5 G) [121] . The plasma source region was approximately in the range from −16 to −5 cm, resulting in a maximum density in that region followed by a density drop, as measured by a Langmuir probe. Figure 22b shows plasma potential measurements made with a variety of devices for two different neutral pressure cases. An emissive probe was used with both the floating point technique and the inflection point technique. Two different retarding field energy analyzers (RFEAs) were used to measure both the plasma potential and the ion beam energy. Notice that both emissive probe techniques accurately measured the plasma potential in the presence of a beam.
Gyergyek et al. [9] used a fluid model to describe the potential profile near an electron emitting surface in the presence of an electron beam. This analysis showed that a surface will float near the beam energy, not the plasma potential, when the fraction of beam electrons in the plasma is more than just a few percent. Similar results were found when analyzing a bi-Maxwellian plasma electron energy distribution, except that three values of the floating potential are also possible (two of which are stable) for certain fractions of the higher energy portion of the distribution [46, 122, 123] . Therefore, care must be taken when using the floating potential technique in a plasma with an electron beam. That technique should be validated against the inflection point technique, which can accurately measure the plasma potential even in the presence of a large electron beam [109] .
D. Temporal Resolution
Emissive probes can be used to make time-resolved measurements of the plasma potential much more simply than swept Langmuir probes when using the floating point in large emission because no voltage sweep is required [39, 56, 73] . With care, the time response can be reduced to 1 μs or less, though in many implementations the large resistors used to float the probe will slow the response time, as discussed in Sec. III.A.
Fujita and Yagura [39] modeled the plasma as a voltage source and resistor in series and determined the time response of a traditional large voltage divider of large resistance R M and small resistance R m to be
where C 0 is the probe stray capacitance and R 0 is the plasma resistance. Larger values of R M R m slow the response time, which was generally within an order of magnitude of 25 μs. By implementing an active circuit, Fujita and Yagura reduced the response time to better than 1 μs, limited only by their sampling resolution. Their circuit biases the probe near the plasma potential and iteratively adjusts toward it until the current across R M goes to zero. The circuit has the additional benefit of giving accurate potentials in low-density plasmas where a resistor only would skew the results. The emissive probe circuit of Fig. 8 has reported similar time resolution using simpler passive components, but its time response has not yet been as robustly verified in a controlled time-varying plasma [43] . Fujita and Yagura [39] demonstrated their probe's response to an applied a step function potential using a biased grid in their test plasma, whereas the frequency response of the circuit in Fig. 8 was tested via a broadband chirp signal from 10 Hz to 1 MHz applied directly to the filament tip at atmosphere from a function generator. A Bode plot of the response showed unity gain up to 100 kHz (τ 10 μs) with slight resonances but otherwise good response out to 1 MHz (τ 1 μs), and the probe was used in the plume of a high-power Hall thruster.
Finally, Teii et al. [73] used a laser-heated floating emissive probe to resolve the plasma potential and extract electric fields in an RF capacitive discharge, demonstrating the ability to measure the electric field as a function of positive at a given phase in an RF cycle.
It has recently been demonstrated that the inflection point in the limit of zero emission technique can be used to make time-resolved plasma potential measurements [124] . It is possible to obtain timeresolved I-V traces by sweeping the probe bias faster than the plasma potential fluctuation, which is known as the fast-sweep method [40, 125] . This method, however, requires carefully designed electronics and the measurements can be difficult to make. If the potential fluctuations are regular, the slow-sweep method can be used [126, 127] . To perform the slow-sweep method, the probe current is measured as a function of time for a variety of probe biases. By transposing the data array, the I-V trace as a function of time can be obtained and the inflection point in the limit of zero emission technique executed in the normal way.
If temporal variations in the plasma potential are periodic, such as in an RF discharge where the plasma potential varies sinusoidally, a variation of the inflection point technique can be used to gain an understanding of the extent of the plasma potential variation. An experiment by Wang et al. [128] consisted of a multidipole plasma chamber with a grid immersed in the plasma that could be powered with an RF power supply. A filament discharge created a dc plasma over which an RF signal was applied by the grid. This configuration allowed the inflection point technique in a dc discharge to be compared with an RF discharge with the same temperature and density. Time-averaged emissive probe I-V traces for various amplitudes of RF voltage are shown in Fig. 23a [128] . Each point in the I-V trace should be measured with a collection time much longer than the RF period. Because typical RF periods are <1 μs, this condition can be achieved with a typical DAQ system and a circuit similar to the one shown in Fig. 12 .
Differentiating the I-V trace (Fig. 23b) gives an indication of both the range of the plasma potential as well as the relative fraction of the RF period that the plasma spends at each potential. With a dc plasma (line a), the inflection point, which can be identified as the peak of the dI∕dV curve, occurs near the plasma potential (slightly below it). Increasing the RF amplitude significantly modifies the I-V trace so that the knee is less sharp because the plasma potential varies over the course of an RF period. The dI∕dV curve with RF fluctuations (lines b-d) can be interpreted as an approximate probability distribution (which is related to the EEDF [15] ) of the plasma potential over the RF period [28, 128] . In Fig. 23b , there are peaks in the dI∕dV curve at the plasma potential extremes because the potential fluctuation was sinusoidal and the plasma spends more time near the minimum and maximum potentials. An asymmetric dI∕dV curve, if the peak in line d at 28 V was larger than the one at 12 V, for instance, would indicate that the plasma potential was spending more time near 28 V than any other potential. This can be caused by nonsinusoidal potential fluctuations [129] .
When using the inflection point technique in an RF plasma, it is important for the emission current to be larger than the collected current. If the current is too small, then the inflection point features will not be resolvable. If the current is too large, then the emitted electrons can disrupt the plasma due to space-charge effects. Emission currents (and, therefore, filament temperatures) too high will decrease the peak resolution because the inflection point technique can only resolve to a factor of T w ∕e [128] .
A time-averaged floating potential technique cannot be reliably used in an RF plasma [130] . Depending on the load resistor, the real impedance across which the probe current is measured, the floating potential may follow the average plasma potential, but could also vary with the RF voltage. The inflection point method (not in the limit of zero emission) is the preferable method because it can determine the fluctuations in the plasma potential when the trace is taken over a period much longer than the RF period.
E. Sheaths
A common method of measuring the plasma potential using a Langmuir probe is by the knee of the I-V trace (the abrupt bend in the curve where electron saturation begins). Yamada and Murphree [88] showed that measuring the plasma potential in a sheath using that method does not give an accurate measurement with a planar Langmuir probe because it becomes a boundary in the sheath and disrupts the local space-charge of the sheath. Additionally, drifting ions and electrons in the sheath will shift the knee of the I-V trace for any probe geometry (planar, cylindrical, or spherical) and adversely affect potential measurements. Emissive probes, however, do not have this problem [88] .
Though the floating point method can measure the potential in a sheath, it is limited by density. Fujita and Yagura [39] measured the floating potential using a resistor connected between ground and the emissive probe. They showed that, if the density in the sheath is too low, the emissive probe ceases to float near the plasma potential (see Fig. 24 ) [39] . The density at which the floating point method fails depends on the resistor across which the potential is measured. Smaller resistors lead to a larger limiting density. The true potential profile was measured using a high-impedance operational amplifier. Diebold et al. [65] compared the inflection point in the limit of zero emission method to the floating point method with a resistor and with an operational amplifier and found that the floating point method with a resistor failed close to the biased boundary, whereas the other two methods yielded expected results.
Wang and Hershkowitz [131] showed that, if the inflection point in the limit of zero emission method is used, the sheath/presheath boundary can easily be determined. For a probe to emit in the bulk (far from any surface), the probe bias must be below the plasma potential. This means that the inflection point of an emissive I-V trace will be below the plasma potential and approach it as the current is reduced to zero (see Fig. 25a ) [131] . Conversely, in the ion sheath (a sheath in which the ion density is greater than the electron density, one with negative curvature), the inflection points are above the plasma potential because the emitted electron density affects the curvature of the potential in accordance with Poisson's equation (see Fig. 25b ). Therefore, the position at which the inflection point does not depend on emission is the sheath/presheath boundary [131] . This is a useful criterion in multispecies plasmas where the sheath edge cannot be otherwise determined [132] .
VII. Which Method to Use?
The preceding may seem a daunting list of considerations for the new emissive probe user. Fortunately, a large body of work can be drawn upon to determine how to build and operate an emissive probe for a particular experiment. The references provided in this article can serve as a useful starting point and some general comments are subsequently provided on using emissive probes in various electric propulsion experiments.
Some design features are general for almost all electric propulsion applications. Any deviation from these recommendations will be specifically stated in the following sections. Thoriated tungsten is the preferred filament material because of its low work function and high melting point. A typical filament diameter is 0.0125 cm. The hairpin design is almost always used because it is more physically robust than the linear design and can better withstand the harsh environment of electric propulsion plasmas. Direct current Joule heating is the simplest way to heat the probe, only complicated by accounting for the potential drop across the filament. The floating point technique is most often used but should be calibrated versus the inflection point technique to ensure the sheath potential errors are minimal or can be accounted for.
A. Plasma Plumes
In most thrusters, the plume is a comparatively low-density and low-temperature plasma, so any concerns about probe overheating from plasma current are minimal. The ion beam, however, can damage the emissive probe as a result of sputtering in a matter of hours, even if the probe is not in use. To maximize the lifetime of the probe, it should be removed from the plume when not in use. Using a larger filament diameter can extend the lifetime of the probe but requires more current to heat it. As the filament sputters away, the current required to heat the probe to emission decreases and the risk of probe failure increases.
B. Hall Thruster Channel
The discharge in a Hall thruster channel has a high-energy density and probes in this plasma can be destroyed in a matter of seconds. A high-speed reciprocating motion stage is recommended to quickly insert the probe into the channel, take measurements, and remove the probe before it is destroyed [82] . If a high-speed motion table is used, it is important to ensure that the probe response time is shorter than the probe residence time in the plasma, otherwise, transients will affect the measurements.
Secondary electrons emitted from the ceramic probe shaft can significantly disrupt the discharge, making measurements less meaningful [7] . By coating the probe shaft in a material with low secondary electron emission, those effects can be greatly reduced.
C. Ion Engine Discharge
Emissive probes are not often used in ion engine discharges because the potential structure is not a critical measurement to make. These discharges have densities, temperatures, and potentials similar to plasma processing devices, in which emissive probes have been used extensively [12] . Thinner filaments and lower heating currents can be used here because the plasma is less destructive.
D. Helicon Thrusters
The floating potential method is most often used in helicon plasmas, though it is inherently a time-varying discharge. The potential varies over the RF period and the inflection point technique or a floating probe with a fast response time is needed to capture the fluctuations. With the highest magnetic fields, helicons are at the greatest risk of inducing probe distortion.
E. Hollow Cathodes
Within 1 cm of a hollow cathode orifice, the plasma density can be as high as 1 × 10 15 cm −3 , so a high-speed translation stage is needed to prevent the probe from melting [133] .
F. Magnetoplasmadynamic Thrusters
MPD thruster plasmas have very high energy-densities and although Langmuir probes and triple probes have been used to measure the anode fall of these devices [134] , emissive probes have not been used. High-speed translation would benefit measurements in MPDs just as in other situations where probe destruction is likely.
G. Arcjets
Electric potential structures are not critical for understanding or evaluating arcjet operation, so emissive probes have not yet been used in those devices. They are a good candidate for self-emissive probes due to the high plasma density.
H. Field Reversed Configuration Thrusters
Field reversed configuration thrusters are pulsed high-power thrusters (∼100 kW) that are in development and have the potential to have a high-thrust-to-power ratio, specific impulse (∼10;000 s), and high efficiency (∼85%) [135] . This type of thruster is still highly experimental, so limited data on the plasma parameters are available. Because it is pulsed with pulse widths of 100 μs, any useful measurements need to be time resolved over even shorter timescales.
I. Pulsed Plasma Thrusters
PPTs are inherently non-steady-state devices and require timeresolved measurements. Pulses are on the order of ∼10 μs, and so megahertz-level probe frequency response is necessary [98] .
J. Electrospray Thrusters
Emissive probes have not been used in electrospray thrusters because the region of electric field typically has the same spatial scale as the filament itself, making the potential structure too small to resolve with a probe.
VIII. Conclusion
Emissive probes have become an essential tool for diagnosing electric propulsion devices. By emitting electrons below the plasma potential but not above, they can be used to make measurements in a wide variety of conditions, making them well suited for electric propulsion plasmas which range from steady state to oscillatory, diffuse to dense, and cold to hot. Special care must be taken to account for the space-charge effects, which make interpreting emissive probe data more complex than it first appears. Yet, with careful technique, emissive probes can provide insights into electric propulsion devices that cannot be obtained in any other way.
